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The redox-active organic cofactor of copper-containing amine oxidases was first identified as 2,4,5-trihydroxyphenylalanine quinone (TPQ) 1 in the mammalian bovine serum enzyme (BSAO) (Janes et al., 1990) . This same TPQ cofactor has been shown to be present in a number of plant and bacterial amine oxidases from the characteristic resonance Raman spectra of their hydrazine adducts (Dooley and Brown, 1993) . The TPQ cofactor is derived from a post-translational modification of a tyrosine residue within the Asn-Tyr-(Asp/Glu) consensus sequence in the intact protein Mu et al., 1992) . The x-ray crystal structure of the active amine oxidase from Escherichia coli (ECAO) reveals a copper ion in close proximity to the TPQ cofactor (Parsons et al., 1995) . This copper, which appears to catalyze the reduction of O 2 during the enzymatic reaction (Klinman and Mu, 1994) , is also required for TPQ biosynthesis. Mutation of one of the copper ligands abolishes TPQ formation in yeast amine oxidase (Cai and Klinman, 1994a) . For both phenylethylamine oxidase (PEAO) and histamine oxidase (HAO) from Arthrobacter globiformis, the tyrosine precursor protein has been produced by depriving bacteria of copper in the growth medium, and TPQ has been generated autocatalytically in vitro by adding Cu(II) and O 2 to the purified apoprotein (Matsuzaki et al., 1994; Choi et al., 1995) . A mechanism for the biosynthesis of TPQ has been proposed by Cai and Klinman (1994b) and is shown in Fig. 1 . The reaction begins with 1) copper binding to O 2 and reducing it to a hydroperoxide. The activated oxygen then 2) hydroxylates the tyrosine ring converting it to dopa, which 3) is oxidized to dopa quinone by a second molecule of O 2 . Rotation of the quinone ring about the ␤-carbon exposes the C-2 position for 4) nucleophilic attack by a solvent-exchangeable, copper-coordinated hydroxide to yield the trihydroxyphenylalanine product, topa. It has been suggested that this ring hydroxylation reaction is facilitated by an aminosemiquinone intermediate that can be detected by EPR spectroscopy . Finally, 5) copper-assisted oxidation by a third molecule of O 2 generates the topa quinone of the active enzyme.
Resonance Raman (RR) spectroscopy provides an ideal method for determining the origin of the oxygen atoms in the TPQ cofactor. The feasibility of such experiments has been demonstrated by our work on ribonucleotide reductase where water was identified as the source of oxygen in the hydroxylation of a tyrosine residue (Ling et al., 1994) . In our previous study of ECAO we obtained RR spectra of the underivatized TPQ cofactor in the native enzyme and identified a CϭO stretch at 1681 cm
Ϫ1
, based on its shift of Ϫ26 cm Ϫ1 in H 2 18 O ( Moënne-Loccoz et al., 1995) . In the present work we have identified a similar CϭO vibration in the RR spectra of PEAO and HAO, which we now assign to the C-5 carbonyl group. The rapidity of exchange with solvent prevents us from determining * This research was supported by the United States Public Health Service, National Institutes of Health Grant GM-34468 (to J. S.-L.), Grants-in-Aid for Scientific Research 07224210 and 07680687 from the Ministry of Education, Science, Sports, and Culture of Japan, a research grant from the Japan Foundation for Applied Enzymology (to K. T.), and Research Fellowship 2855 from the Japan Society for the Promotion of Science for Young Scientists (to R. M.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
¶ To whom correspondence should be addressed. (Matsuzaki et al., 1994; Choi et al., 1995) . Each of the enzymes was activated by incubation of the apoprotein (0.14 mM in protein subunits) in 50 mM HEPES (pH 6.8) with 0.45 mM CuSO 4 at 4°C for 24 h. The resulting holoenzyme was concentrated to ϳ1.3 mM (2.6 mM in subunits) by ultrafiltration in a Microcon 30 device (Amicon). Protein concentrations were determined from ⑀ 280 (1%) ϭ 13.2 for PEAO and 13.8 for HAO, whereas TPQ concentrations were determined from ⑀ 475 ϭ 1,400 M Ϫ1 cm Ϫ1 for PEAO and ⑀ 498 ϭ 1,600 M Ϫ1 cm Ϫ1 for HAO (Matsuzaki et al., 1994; Choi et al., 1995) . The extent of TPQ formation per subunit was ϳ0.8 for PEAO and ϳ0.7 for HAO.
Preparation O 2 was accomplished by first adding CuSO 4 to dilute apoprotein (400 l in a 2-ml vial) under anaerobic conditions and incubating for 10 min and then adding 3 ml of 18 O 2 (99 atom %, Icon Services) via a gas-tight syringe. The sample was incubated at 4°C for 24 h, exposed to air, and concentrated to 1.3 mM by ultrafiltration.
Methylamine Adduct-Concentrated PEAO (1.3 mM) in 50 mM HEPES (pH 6.8), which had been activated in H 2
16
O or H 2 18 O, was placed in a capillary tube sealed with a serum stopper and flushed with argon (Loehr and Sanders-Loehr, 1993 ). An anaerobic solution of 50 mM methylamine was added to the enzyme solution to yield 8 mM methylamine and 0.9 mM enzyme.
p-Nitrophenylhydrazone Peptides-Samples of PEAO and HAO were activated in H 2 16 O, H 2 18 O, or 18 O 2 as described above. They were then reacted with p-nitrophenylhydrazine and digested with thermolysin, and the hydrazone-containing peptide fragments were purified by high pressure liquid chromatography as described previously (Matsuzaki et al., 1994; Choi et al., 1995) .
Raman Spectroscopy-Spectra were obtained on a McPherson 2061 spectrograph (operating at 0.67 m, 1800-groove grating) using Kaiser Optical holographic super-notch filters and a Princeton Instruments (LN-1100PB) liquid-N 2 -cooled CCD detector. Excitation sources were Coherent Innova 90-6 Ar (514.5 and 457.9 nm) and Innova 302 Kr (413.1 nm) lasers. Unless otherwise stated, spectra were collected on samples in capillaries at 298 K using 514.5-nm excitation (40 mW), 90°s cattering geometry, 4-cm Ϫ1 spectral resolution, and 10-min data accumulation. Peak frequencies were calibrated relative to an indene standard and are accurate to Ϯ1 cm Ϫ1 . Spectra of samples substituted with isotopes were obtained under identical instrumental conditions such that frequency shifts are accurate to Ϯ0.5 cm Ϫ1 (Loehr and SandersLoehr, 1993) .
RESULTS AND DISCUSSION
RR Spectra of Native Amine Oxidases-The TPQ cofactor in copper amine oxidases has a characteristic absorbance maximum near 480 nm. Excitation within this absorption band produces a resonance Raman spectrum (Carey, 1982; Dooley and Brown, 1993) whose peak frequencies represent vibrational modes of the TPQ chromophore (Fig. 2) . In our previous study of ECAO, the peaks in the 1200 -1650-cm Ϫ1 region (Fig.  2D) were assigned to CϭC, C-C, and C-O stretching and C-H bending motions by comparison with the RR spectra of model compounds (Moënne-Loccoz et al., 1995) . The only feature in this region that underwent a detectable shift upon incubation with H 2 18 O was the shoulder at 1681 cm
Ϫ1
. Its 26-cm Ϫ1 shift to lower energy identified it as a CϭO stretch in which only one oxygen atom had exchanged with solvent. The exchange of only one carbonyl oxygen was verified for a TPQ model compound by mass spectrometry (Moënne-Loccoz et al., 1995) . The 1678-cm Ϫ1 peak in the RR spectrum of BSAO ( Fig. 2A) During the elucidation of the TPQ cofactor structure, it was demonstrated that the C-5 oxygen selectively reacts with hydrazines in both BSAO (Janes et al., 1990) and in model compounds (Mure and Klinman, 1993) . The greater reactivity of the C-5 carbonyl toward nucleophiles is due to the fact that the p-quinone structure depicted in Fig. 1 is in equilibrium with the o-quinone. The actual structure may be visualized as a resonance hybrid (Janes et al., 1990; Mure and Klinman, 1995a) somewhere between these two extremes (Scheme I). Thus, the C-5 position is expected to be the site of nucleophilic attack by hydroxide ion that results in isotope exchange with solvent oxygen. If the structure were a pure p-quinone, such as p-benzoquinone, then a single in-phase symmetric stretch would be expected for the two carbonyl groups (Berger and FIG. 1 . Proposed mechanism for the biogenesis of TPQ from tyrosine (from Cai and Klinman, 1994b). Darkened oxygens are derived from O 2 . Although TPQ is drawn as a p-quinone, there is actually extensive electron delocalization between the oxygens at C-2 and C-4. Rieker, 1974; Becker, 1991) O]quinone. Alternatively, for a structure with electron delocalization between the C-2 and C-4 oxygens, the CϭO stretch would be localized at the C-5 carbonyl, giving a predicted 18 O-isotope shift of Ϫ40 cm Ϫ1 . Because the observed isotope shifts of Ϫ22 to Ϫ28 cm Ϫ1 in the amine oxidases and model compounds (see below) are greater than Ϫ20 cm Ϫ1 , they favor the vibrational assignment of a CϭO localized at the C-5 position. However, their being less than Ϫ40 cm Ϫ1 suggests that the CϭO stretch is coupled with another vibrational mode of the cofactor.
The RR spectra of the underivatized TPQ cofactor in a variety of amine oxidases (BSAO, PEAO, HAO, and ECAO) are depicted in Fig. 2 ) indicates that the same cofactor structure is present in the native state of all of these enzymes. The samples of activated PEAO and HAO were produced in vitro from their precursor apoproteins. The similarity of their RR spectra to those of the other amine oxidases shows that the expected TPQ cofactor has been generated. The different proteins do exhibit some variability in Raman peak intensities. For example, the RR spectrum of BSAO ( Fig. 2A) has diminished intensity near 1550 cm Ϫ1 and increased intensity near 1635 cm
. Because RR intensities are related to changes in structure in the electronic excited state (Carey, 1982) , these differences could merely reflect slight differences in the protein environments of the cofactor.
Another source of variability in RR spectral intensities is the contribution from vibrational modes of the protein itself that are not resonance-enhanced but frequently are observed with concentrated protein samples (Lord and Yu, 1970; Frushour and Koenig, 1975) . These spectra are expected to vary somewhat from protein to protein because the amide I and amide III vibrations are affected by secondary structure, and many of the other intense peaks arise from aromatic side chains. An example of a protein Raman spectrum is shown in Fig. 3B for the copper-free precursor protein of PEAO, which has essentially no absorption at the excitation wavelength and thus is not resonance-enhanced. The difference spectrum (Fig. 3C) obtained by subtracting the Raman spectrum of copper-free precursor (Fig. 3B ) from that of native PEAO (Fig. 3A) presents a much clearer picture of the resonance-enhanced modes of the TPQ cofactor. The CϭO stretching mode at 1684 cm
, which is obscured by the amide I band in the original spectrum, is particularly well revealed in the difference spectrum (Fig. 3C) . (1995) . p indicates protein modes (Lord and Yu, 1970) . SCHEME 1.
FIG. 3. Raman spectra of PEAO with 514.5-nm excitation.
A, spectrum of 1.3 mM holoprotein. B, spectrum of 1.3 mM apoprotein. Assignment of protein modes from Lord and Yu (1970) . C, difference spectrum of holoprotein minus apoprotein.
The HAO precursor protein has a similar Raman spectrum to that of the PEAO precursor protein, and a similar spectral improvement occurs in the difference spectrum. Thus, this subtraction procedure has been utilized to obtain more accurate estimates of isotope shifts in the experiments described below.
Exchange of C-5 Oxygen in Active PEAO and HAO-Incubation of PEAO and HAO holoproteins in H 2

18
O results in Raman spectral shifts similar to those observed previously for ECAO and BSAO. Thus, the 1684-cm Ϫ1 CϭO stretch in PEAO undergoes a shift of Ϫ26 cm Ϫ1 (Fig. 4C) , and the comparable peak at 1679 cm Ϫ1 in HAO undergoes a shift of Ϫ28 cm Ϫ1 in H 2 18 O (Fig. 5C) . This exchange appears to be complete within 2 min of exposure of the protein to H 2 18 O. Because the in vitro generation of TPQ requires at least a 4-min incubation of apoprotein with copper (Matsuzaki et al., 1994) , this technique cannot be used to determine whether the C-5 oxygen is derived from O 2 . The magnitude of the isotope shifts and the failure to observe significant , ascribed to ring bending ( 6 ) and CϭO bending ( 11 ), respectively (Becker et al., 1965; Becker, 1991) . The frequencies and assignments for p-benzoquinone with two carbonyl oxygens are not expected to be exactly duplicated in the amine oxidases, which have only one distinct carbonyl oxygen. Nevertheless, similar 18 O-sensitive low energy vibrations are observed for PEAO and HAO at 411 (Ϫ3 to Ϫ4) and 489 -522 (Ϫ1 to Ϫ2) cm Ϫ1 (Figs. 4C and 5C ). These modes are assigned to deformations involving the carbonyl group and the aromatic ring (Table I ). The smaller oxygen-isotope shifts in the proteins relative to p-benzoquinone are again a consequence of the greater coupling of the CϭO modes with other vibrations of the TPQ cofactor.
Origin of C-2 Oxygen in PEAO and HAO-Ketones react reversibly with hydroxide ions to form gem-diols, thereby providing a mechanism for oxygen-isotope exchange with solvent. No such hydroxide adducts are expected for alcohols, which are generally resistant to solvent-oxygen exchange. Our observation of only one exchangeable oxygen in the TPQ cofactor of ECAO and model compounds (Moënne-Loccoz et al., 1995) , as well as PEAO and HAO, has led to the conclusion that the C-2 and C-4 oxygens of TPQ have substantial alcoholic character and are thereby resistant to exchange. Any oxygen isotopes incorporated at these positions during biosynthesis should remain bound and be detected by its effect on the vibrational spectrum. The apoproteins of PEAO and HAO already contain an oxygen at the C-4 position in the tyrosine precursor. When PEAO and HAO apoproteins are reacted with Cu(II) in the presence of 18 O 2 , the resulting RR spectra of the TPQ in the holoproteins (Figs. 4B and 5B) (Table I) . These findings confirm the predictions of Cai and Klinman ( Fig. 1) that H 2 O is the source of the oxygen at the C-2 position in TPQ.
Origin of TPQ Oxygen in Amine Oxidase
Due to the coupled nature of the vibrations in quinone systems, it is difficult to completely assign their spectral modes. Nevertheless, it is clear from comparison with model compounds that the region between 1200 and 1400 cm Ϫ1 is dominated by CϭC and C-C stretching modes (Becker, 1991) . This region also includes C-O stretching modes. The o-quinol, dopamine, exhibits a single 18 O-sensitive peak at 1275 cm Ϫ1 that shifts by Ϫ4 cm Ϫ1 when one of the two phenolic oxygens is exchanged with 18 O (Michaud-Soret et al., 1995) . For both PEAO and HAO, the intense peak at 1397 cm Ϫ1 undergoes a similar shift of Ϫ3 cm Ϫ1 upon substitution of a single
18
O at the C-2 position (Table I ). The higher energy of this vibration in TPQ is in keeping with the partial double-bond character of this C-O moiety (Scheme I). Based on the 280-cm Ϫ1 difference in energy between the C-O and CϭO stretching modes, no significant coupling between these modes is expected. Thus, substitution of 18 O at C-5 has little or no effect on the 1397- 
a See text. ␦ ϭ bending mode; ϭ stretching mode.
Origin of TPQ Oxygen in Amine Oxidase
cm Ϫ1 vibration at C-2, and substitution of 18 O at C-2 has little or no effect on the 1680-cm Ϫ1 vibration at C-5 (Table I ). In contrast, substantial shifts in the 411-522-cm Ϫ1 region occur upon 18 O-substitution at either C-2 or C-5, implying that these bending modes involve both the C-O and CϭO moieties. The fact that the 1397-cm Ϫ1 frequency for the C-O stretch in PEAO and HAO lies in between the 1275-cm Ϫ1 value for a quinol and the 1680-cm Ϫ1 value for a quinone (Berger and Rieker, 1974 ) provides strong evidence for extensive electron delocalization between the oxygens at C-2 and C-4.
The failure of an
18
O-substituent at C-2 to significantly affect the CϭO stretching mode at 1684 cm Ϫ1 in PEAO and at 1679 cm Ϫ1 in HAO (Table I ) has additional implications. This result demonstrates that the 1680-cm Ϫ1 mode cannot be assigned to the in-phase vibration of two CϭO groups in a 2,5-p-quinone. In addition, the partial double bond character at the C-2 position makes it likely that the C-O at the C-4 position also has partial double bond character, ruling out the assignment of the 1680-cm Ϫ1 mode to the in-phase vibration of two CϭO groups in a 4,5-o-quinone. Thus, the ϳ1680-cm Ϫ1 vibration can be ascribed predominantly to a stretch of only the one CϭO at the C-5 position.
Detection of C-2 Oxygen in p-Nitrophenylhydrazine Adducts-The p-nitrophenylhydrazine (NPH) derivatives of copper-containing amine oxidases show an intense absorption maximum at ϳ460 nm. Excitation within this absorption band produces strongly enhanced RR spectra that are particularly useful for identifying the TPQ cofactor (Dooley and Brown, 1993) . Phenylhydrazine-derivatized cofactors are also stable during digestion with thermolysin (Janes et al., 1990 , as evidenced by the similarity of the RR spectra of the resultant active site peptides with those of the intact enzyme (Brown et al., 1991) . The NPH peptides of PEAO and HAO, prepared by digesting the NPH-treated enzymes with thermolysin, also exhibit RR spectra that are almost identical to those of the intact NPH proteins (Matsuzaki et al., 1994; Choi et al., 1995 O-activated NPH-peptides of PEAO and HAO exhibit isotope shifts of Ϫ2 to Ϫ5 cm Ϫ1 in RR spectral modes in the 400 -700-cm Ϫ1 region (Fig. 6) . The largest shifts of Ϫ4 to Ϫ5 cm Ϫ1 occur in the intense 480-cm Ϫ1 peak in PEAO and HAO. This is reminiscent of the isotope shifts of Ϫ3 to Ϫ5 cm Ϫ1 for the 411-cm Ϫ1 mode in underivatized PEAO and HAO with a single 18 O substituent (Table I) . By analogy, the 480-cm Ϫ1 mode of the NPH peptides can be assigned to coupled C-O bending and ring bending motions of the derivatized TPQ. Mass spectral analysis of the H 2
O-activated NPH-peptide of PEAO shows that it has increased by 2 mass units, as expected for the addition of a single 18 O to the TPQ ring. It has previously been demonstrated that NPH replaces the oxygen at the C-5 position of TPQ (Mure and Klinman, 1993) , as shown in Fig. 6 . Thus, the 18 O-dependent shifts we have observed in the NPH peptides can be ascribed to 18 O incorporation at the C-2 position of the TPQ ring and confirm that H 2 O is the source of this oxygen (Fig. 1) . In contrast to the behavior of underivatized TPQ, none of the intense bands between 1100 and 1700 cm Ϫ1 are affected by the presence of 18 O at the C-2 position in the NPH adducts, suggesting that the high frequency region of the RR spectrum is dominated by vibrations of the azo and p-nitrophenyl groups. The failure to obtain any indication of a CϭO moiety para to the azo group (lack of any 18 O-dependent modes Ͼ1600 cm Ϫ1 ), supports the proposal of Mure and Klinman (1993) that the p-nitrophenylhydrazine adduct exists primarily as the azo tautomer (Fig. 6 ) rather than the hydrazo tautomer.
Detection of C-2 Oxygen in the Methylamine Adduct of PEAO-Although small aliphatic amines like methylamine generally do not serve as substrates for copper-containing amine oxidases (Yamada and Yasunobu, 1962) , our previous studies indicated that ECAO is capable of reacting with methylamine to generate an aminosemiquinone intermediate (Moënne-Loccoz et al., 1995) . We found 2 that BSAO can also react with methylamine but instead produces an imine analogous to the product Schiff base intermediate proposed by Mure and Klinman (1995b) and shown in Fig. 7 . PEAO undergoes a similar reaction to BSAO. Anaerobic incubation of PEAO with methylamine results in an immediate loss of color (485-nm absorption) followed by the formation of a new, stable species absorbing at 385 nm (Fig. 7, inset) . The RR spectrum of the methylamine adduct of PEAO, obtained by excitation within the 385-nm absorption band (Fig. 7A) , is also similar to that of BSAO. The most intense feature at 1618 cm Ϫ1 has been assigned to the CϭN stretch of an imine moiety on the basis of its shift of Ϫ20 cm Ϫ1 in BSAO reacted with 15 N-methylamine.
2
In the present study we used PEAO that was O) for the reaction with methylamine. In this case, the greatest isotope dependence occurs in the RR peak at 1301 cm
Ϫ1
, which undergoes a shift of Ϫ4 cm Ϫ1 with 18 O (Fig. 7B ). The frequency (and isotope shift) is in the range observed for C-O stretching modes in dopamine: 1275 (Ϫ4) cm Ϫ1 (MichaudSoret et al., 1995) and native PEAO and HAO: 1397 (Ϫ3) cm Ϫ1 (Table I ). The 1301-cm Ϫ1 value is closer to that of dopamine, suggesting that the C-O moiety in the methylamine adduct has even less double-bond character than in the native amine oxidases and is closer in structure to a phenolic OH as in dopamine. This lends further support to an imine with a Schiff base structure, as in Fig. 7 . The fact that the C-2 oxygen of PEAO does not exhange during the reaction with either methylamine or p-nitrophenylhydrazine (Fig. 6) proves that nucleophilic attack of substrates as well as inhibitors occurs selectively at the C-5 carbonyl of the TPQ cofactor in amine oxidases.
Conclusions-We conclude that: 1) The C-5 oxygen of the TPQ cofactor in the amine oxidases, PEAO and HAO, has the greatest carbonyl character, as evidenced by its CϭO stretch at 1680 cm Ϫ1 and its facile reaction with nucleophiles such as hydroxide, p-nitrophenylhydrazine, and methylamine. 2) The considerably lower C-O stretching frequency of 1397 cm Ϫ1 for the C-2 oxygen of the TPQ cofactor suggests that it has more single-bond than double-bond character. This is in accord with its lack of reactivity toward nucleophiles. Thus, there must be substantial electron delocalization between the C-2 and C-4 oxygens of TPQ in native amine oxidases.
3) The
18
O-sensitivity of the C-O stretching modes reveals that the C-2 oxygen of TPQ is derived from water during the oxidation of the tyrosine precursor, whereas the C-5 oxygen exchanges too rapidly with solvent to measure its biosynthetic origin. Nevertheless, it is likely that the C-5 oxygen of TPQ is derived from O 2 , by analogy with other enzyme-catalyzed hydroxylation reactions (Cai and Klinman, 1994b) .
